The formation of focal adhesions governs cell shape and function; however, there are few measurements of the binding kinetics of focal adhesion proteins in living cells. Here, we used the fluorescence recovery after photobleaching (FRAP) technique, combined with mathematical modeling and scaling analysis to quantify dissociation kinetics of focal adhesion proteins in capillary endothelial cells. Novel experimental protocols based on mathematical analysis were developed to discern the rate-limiting step during FRAP. Values for the dissociation rate constant k OFF ranged over an order of magnitude from 0.009 ± 0.001/s for talin to 0.102 ± 0.010/s for FAK, indicating that talin is bound more strongly than other proteins in focal adhesions. Comparisons with in vitro measurements reveal that multiple focal adhesion proteins form a network of bonds, rather than binding in a pair-wise manner in these anchoring structures in living cells.
The focal adhesion (FA) is a transient structure that enables cell adhesion, spreading and migration. The formation of the FA is triggered by the binding of transmembrane integrin receptors to immobilized extracellular matrix (ECM) molecules, such as fibronectin and vitronectin [1] . Integrin ligation and clustering promote recruitment of various intracellular proteins to the cytoplasmic tails of integrins that mechanically link them to the actin cytoskeleton [2] . Cytoskeletal anchoring molecules recruited to FAs include proteins, such as talin, vinculin, a-actinin, paxillin, zyxin, and focal adhesion kinase (FAK) [3] .
FAs are dynamically assembled and disassembled by cells. Continuous remodeling of FAs is critical for cell movement [4] and dynamic responses to mechanical forces [5] and thus, there is considerable interest in understanding how FA assembly and disassembly is coordinated by its various molecular components [6] . The dynamic assembly of the FA is presumably governed by the modulation of transient interactions between its constituent proteins. However, due to the lack of methods to quantify the kinetics of these interactions in living cells, our understanding of the FA remains poor.
To shed light on how FA proteins may interact with one another in situ, we developed an approach to quantify the dissociation kinetics of proteins inside intact FAs within living cells. By combining mathematical modeling, scaling analysis and novel experimental measurements, we identified the rate-limiting step as being the dissociation of bound molecules. Comparison of the measured parameters with previously reported values from in vitro studies revealed that some FA proteins may bind to more than one binding partner simultaneously inside living cells. By providing insight into the nature of this intermolecular wiring, these results represent a first step towards development of a microscopic model of protein binding networks inside FAs.
Materials and methods
Cell Culture, transfection, and immunofluorescence. Bovine capillary endothelial cells (passage [10] [11] [12] [13] [14] [15] were maintained at 37°C in 10% CO 2 on tissue culture dishes in growth medium as described previously [7, 8] . Cells were transfected with focal adhesion protein expression plasmids tagged to GFP using Effectene (Qiagen, Chatsworth, CA). The plasmids used were GFP-talin [9] , GFP-paxillin [10] , GFP-b3 integrin [11] , GFP-FAK [12] , and GFP-a-actinin [13] . GFP-tagged proteins used here have been rigorously characterized and shown to be functionally identical to corresponding endogenous proteins [11] [12] [13] . To confirm that our cells expressed functional forms of these fusion proteins, we performed immunostaining of fixed cells expressing each GFP-FA protein using specific antibodies and an Alexa594-labeled secondary antibody (see Supplementary Fig. S1 ).
FRAP experiments. Live cell imaging studies were carried out in optically clear medium containing Hank's balanced salts as described previously [14] . FRAP analysis was performed on the Zeiss LSM 510 META/NLO microscope using a 63X 0.95 NA IR corrected water immersion lens as described previously [14] . The 488 nm line of an Argon/2 multiple-lined single-photon laser source (10% of full power) was used for GFP excitation; 100% of the 488 nm line was used for photobleaching with 10 iterations corresponding to less than a millisecond. Measured recovery curves were normalized to the amount of photobleached protein and fit to 1 À e ÀkOFF t with the method of least squares (MATLAB function lsqcurvefit) to calculate k OFF . The sample size for all k OFF measurements was more than 20. Images were collected using the Zeiss LSM 510 software (version 3.2). All experiments on the microscope were performed at 37°C using a temperature-controlled stage.
Results

Adhesion protein dynamics in capillary endothelial cells
We used FRAP to measure the dynamic exchange between the bound and cytoplasmic forms of b3 integrin, talin, a-actinin, paxillin and FAK, in bovine capillary endothelial cells. Photobleaching of GFP-tagged forms of these proteins was carried out for a very short time (<1 ms) within a very small area (<0.5 lm 2 ) of a single FA. Full fluorescence recovery for b3 integrin occurred within $4 min after photobleaching, and a-actinin and paxillin exchanged on a similar time scale ($2 min); however, talin which binds directly to integrins exchanged much more slowly with complete recovery taking on the order of 10 min (Fig. 1) . In contrast, FAK underwent very fast recovery over a period of a few seconds (Fig. 1) . We recently showed that vinculin and zyxin recover over time scales of seconds as well [14] . Taken together, these results suggest that each of these FA proteins spend different amounts of time in FAs, and their residence times vary by over an order of magnitude.
Theoretical expressions for FRAP recovery times in focal adhesions
Because our goal was to quantify molecular binding kinetics from the FRAP data, we next modeled the FRAP process in FAs accounting for molecular diffusion in the cytoplasm, as well as exchange between the cytoplasmic molecules and adhesion bound proteins. To do this, we considered the geometry shown in Fig. 2 , and allowed the photobleaching of cytoplasmic pools above the FA, in addition to the molecules in the FA itself. The freely diffusing fluorescent protein concentration in the cytoplasm above the FA can be modeled as
where C f is the concentration of freely diffusing molecules in the cytoplasm, b C f is the concentration of proteins bound in the focal adhesion, D is the diffusion coefficient of molecules in the cytoplasm, k ON , k OFF are binding and dissociation rate constants. S is some experiments had multiple spots bleached simultaneously that exhibited similar recovery dynamics. Talin is the slowest exchanging protein followed by b3 integrin, paxillin, a-actinin, and FAK (bar, 2 lm). Fig. 2 . Model geometry. The geometry used for the scaling analysis is shown. Bleaching may occur not only at the FA, but also in the cytoplasm. Therefore, photobleaching is assumed to occur in a region denoted by the shaded cylinder of height d and radius r 0 . R is the characteristic size of the FA, while h is the height of the cytoplasm above the FA.
the total concentration of binding sites, b C 0 is the concentration of occupied sites at steady state, and C 0 is the concentration of freely diffusing molecules. The boundary conditions are:
where h is the vertical height of the cytoplasm above the focal adhesion. The total amount of fluorescent protein in the cytoplasm is orders of magnitude greater than that in the small photobleached spot in one FA. This means that bleaching the small amount of protein in the FA minimally perturbs the total concentration. This enables us to write the final boundary condition:
The initial conditions are C f ðr 2 ð0; r 0 Þ; y 2 ð0; dÞ; 0Þ ¼ 0
We note that photobleaching does not eliminate the fluorescent concentration in the bleached spot completely. However, as long as the photobleaching is on the same scale as the concentration of bound fluorescent proteins at steady state, this will not affect the scaling analysis. We next performed a scaling analysis of the model and derived expressions for recovery times for two rate-limiting scenarios: effective diffusion or fast binding. The results of our analysis indicate two limiting regimes (see Supplementary information and Fig. S2 for details) :
where s R is the characteristic time scale of recovery during a FRAP experiment, and l = min(r 0 , d).
Experimental identification of the rate-limiting step
To interpret the FRAP experiments in terms of molecular binding kinetics, it is necessary to identify which regime governs the recovery. If effective diffusion is rate-limiting, s R will depend on the ratio of bound to free concentration (9)). Therefore, we developed an approach to quantify this ratio in cells. Consider a confocal fluorescence image focused at the focal adhesion. We define a measured volume V m as a spot drawn in the image with bleached spot area A, and height h 1 in nanometers. b F is the fluorescent intensity when V m is within the FA, and F is the fluorescent intensity when V m is in the cytoplasm. We derived the following inequality (see Supplementary information for detailed derivation):
Then we measured the upper bound in Eq. (10) from confocal fluorescence images of living cells expressing GFP-tagged proteins ( Fig. 3A and Supplementary Fig. S1 ). Based on this ratio, and estimated diffusion coefficients (Supplementary Table 1) , the largest time scales for recovery predicted by effective diffusion (Eq. (9)) are on the order of several milliseconds (Fig. 3B) . These times are several orders of magnitude smaller than the fastest time scale measured for recovery (Fig. 1) . Therefore, the only alternative possibility for explaining our results is that the freely diffusing cytoplasmic protein recovers quickly, followed by slow recovery of the bound proteins over a time scale determined by 1 k OFF (Eq. (9)). While these arguments are valid for cytoplasmic proteins, b3 integrins are membrane proteins and their diffusion coefficient inside the membrane itself may be hindered by clustering of integrins. To measure this diffusion coefficient, we therefore require an experimental model in which b3 integrins are clustered, but not bound to any cytoplasmic proteins. As such an experimental model is unavailable, we report our data in terms of t 1/2 for b3 integrin recovery.
Kinetics of dissociation of proteins in the FA
When the kinetics of dissociation is rate-limiting, the model Eqs. (1) and (2) are considerably simplified, and the solution for the concentration (corrected for initial value, and normalized for final recovery at long times) is simply 1 À e Àk OFF t . We therefore fit our normalized FRAP data to 1 À e Àk OFF t (the b3 integrin data was fit to 1 À e Àkt where k is a parameter that is not necessarily the same as k OFF ). As indicated by the curve fitting (Fig. 4) , all FRAP recovery curves were well-described by a single parameter. The estimated rate constants were then used to calculate the residence time as 1/k OFF (Table 1A) .
We next compared these in situ values of dissociation rate constants to those measured in vitro for FA protein binding to F-actin ( [15] [16] [17] [18] [19] and Table 2B ). For a-actinin, the slowest reported k OFF for its in vitro binding to F-actin is an order of magnitude smaller than our measured value in FAs (Table 2A) . Similarly, the reported in vitro value for talin binding to F-actin is nearly four orders of magnitudes greater than the k OFF measured in this study. Conversely, the slowest in vitro reported values of vinculin dissociation kinetics from F-actin are remarkably similar to our measured kinetics ( Table 2) . Binding of a-actinin, vinculin, and talin to F-actin is necessary for their localization to focal adhesions [20] [21] [22] [23] [24] [25] [26] [27] . These results suggest that in addition to actin, talin and a-actinin are bound simultaneously to at least one other binding partner, resulting in a lower effective k OFF ; they also imply that vinculin kinetics in FAs may depend strongly on its binding with F-actin.
Discussion
The complete lack of information on the kinetics of intermolecular interactions in FAs makes it very challenging to develop microscopic models of FA assembly. In this paper, we developed a rigorous methodology to measure the dissociation kinetics of proteins inside FAs. The dissociation kinetics are proportional to the strength of the bonds that each protein forms with its binding partners in FAs. Therefore, these parameters are indirect read-outs of intermolecular interactions within FAs in living cells. Knowledge of these parameters allows the unambiguous comparison (due to freedom from the effects of diffusion) of intrinsic properties of binding between proteins in different cells, and across different Representative FRAP recovery curves for FA molecules. Normalized recovery curves (circles) for GFP-labeled forms of b3 integrin, talin, a-actinin, paxillin, and FAK; solid lines are curves fit to the data using the method of least squares. A single parameter (k OFF for cytoplasmic proteins, k for integrins) is sufficient to describe the data, suggesting that each protein recovers with a single time scale. [15] [16] [17] [18] [19] for dissociation kinetics of talin, vinculin, and a-actinin from F-actin in vitro. The different values for the same interaction are due to studies from different investigators, who employed varying conditions (species, temperature, protein fragments). With the exception of vinculin, the dissociation rate constants in vitro are faster than our reported values in situ (compare Table 2A and B). studies. Thus, quantification of dissociation rate constants is invaluable for developing quantitative benchmarks for comparative cell biological studies in the future.
A comparison of our measured values for t 1/2 (Table 1A) with those published in the literature (Table 2) revealed that talin spends the longest time in FAs among the seven proteins studied here. Others have reported that b3 integrin and a-actinin exchange more slowly in melanoma cells [11] , fibroblasts [13] , and large vessel endothelial cells [28] . Very different values for t 1/2 have been reported for b3 integrins in melanoma cells compared with endothelial cells (Table 2) [11, 28] . While a-actinin exchanges with a t 1/2 of 1 min in endothelial cells [28] , a t 1/2 of 5 min has been reported in fibroblasts [13] . For talin, two studies reported two different t 1/2 values of 50 s [29] and 4-7 s [30] , compared to 78 s that we measured in capillary endothelial cells. Since the reported values for t 1/2 of the different FA proteins vary greatly with cell type, it is impossible to compare multiple proteins in different cells. Additionally, because of potential diffusion limitations, t 1/2 is not an ideal metric for comparison of intrinsic binding properties of proteins. Thus, our study is important because it compares a more quantitative measure of molecular binding kinetics (k OFF ) for many different key FA proteins in a single cell type.
It has been hypothesized that proteins form an intermolecular network of bonds inside FAs [3] such that each protein may be bound to multiple binding partners. Talin, a-actinin and vinculin are known to be bound to F-actin in FAs [20] [21] [22] [23] [24] [25] [26] [27] . Therefore, the fact that talin and a-actinin dissociation is considerably slower than their corresponding binding kinetics measured with F-actin in vitro is consistent with a microscopic model in which these molecules are simultaneously bound to actin and at least one other binding partner. Vinculin, surprisingly, has a similar k OFF to vinculin-F-actin binding in vitro suggesting that this interaction may dominate vinculin kinetics in FAs formed by living cells.
Determining a quantitative mapping between the effective k OFF and the binding and unbinding constants for binding to any protein to its partners in the FA remains a fundamental challenge. This challenge is in part due to the many degrees of freedom, such as the stoichiometry, spatial distributions of partners in the FA and allosteric mechanisms. Our measurements of k OFF of many FA proteins in one cell type represent a first step toward this goal. There appear to be large differences in time scales for the same FA proteins across different cell types. These may be indicative of differences in binding partners in different cell types.
